Compounds A-782759 (an N-1-aza-4-hydroxyquinolone benzothiadiazine) and BILN-2061 are specific antihepatitis C virus (HCV) agents that inhibit the RNA-dependent RNA polymerase and the NS3 serine protease, respectively. Both compounds display potent activity against HCV replicons in tissue culture. In order to characterize the development of resistance to these anti-HCV agents, HCV subgenomic 1b-N replicon cells were cultured with A-782759 alone or in combination with BILN-2061 at concentrations 10 times above their corresponding 50% inhibitory concentrations in the presence of neomycin. Single substitutions in the NS5B polymerase gene (H95Q, N411S, M414L, M414T, or Y448H) resulted in substantial decreases in susceptibility to A-782759. Similarly, replicons containing mutations in the NS5B polymerase gene (M414L or M414T), together with single mutations in the NS3 protease gene (A156V or D168V), conferred high levels of resistance to both A-782759 and BILN-2061. However, the A-782759-resistant mutants remained susceptible to nucleoside and two other classes of nonnucleoside NS5B polymerase inhibitors, as well as interferon. In addition, we found that the frequency of replicons resistant to both compounds was significantly lower than the frequency of resistance to the single compound. Furthermore, the dually resistant mutants displayed significantly reduced replication capacities compared to the wild-type replicon. These findings provide strategic guidance for the future treatment of HCV infection.
Hepatitis C virus (HCV) is a leading cause of chronic liver disease, affecting over 4 million Americans and about 170 million people worldwide. The current standard of care for chronic HCV infection involves extended dosing with alpha interferon (IFN-␣) and ribavirin (10, 14, 18) . However, these regimens have limited clinical benefit due to poor tolerability and limited efficacy (only approximately half of genotype 1 HCV-infected individuals have a sustained virological response, whereas the response rate improves significantly [ϳ80%] when genotypes 2 and 3 are treated) (9, 11, 35) . Therefore, development of inhibitors against virally encoded targets is urgently needed.
The HCV genome is a 9.6-kb single-stranded RNA of positive polarity encoding a large polyprotein, which is the precursor of at least 10 mature viral proteins: C, E1, E2, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B (2) . The HCV polymerase encoded by nonstructural protein 5B (NS5B) is responsible for HCV RNA-dependent RNA polymerase (RdRp) and terminal transferase activities (4, 31, 32) . The N-terminal domain (approximately 180 amino acids) of NS3 and the small hydrophobic NS4A protein compose a heterodimeric enzyme catalyzing the posttranslational processing of the HCV NS proteins (1, 21) . Both NS5B RdRp and NS3 serine protease are believed to be components of the HCV replication complex, responsible for viral RNA replication, and have been shown to be indispensable for HCV replication in chimpanzees (26) .
To date, a number of distinct classes of NS5B RdRp inhibitors, including nucleoside analogs, pyrophosphate mimics, and nonnucleoside analogs, have been reported in the scientific and patent literature (12, 13, 20, 40, 50, 51) . The nucleoside analogs act as chain terminators by competing with the substrate of RdRp (40) . This class of compounds has been shown to inhibit HCV replication in both subgenomic replicons and HCV-infected chimpanzees (5, 19, 41, 49) . The pyrophosphate mimics, including dihydroxypyrimidine carboxylic acids and diketoacid derivatives, are believed to inhibit RdRp activity through an interaction with the catalytic metal ions in the enzyme active site (42, 50, 51) . For nonnucleoside analogs, several structurally distinct series have been identified, including benzothiadiazines, benzimidazoles/diamides, substituted pyranones, and disubstituted phenylalanine/thiophene amides (13, 22, 25, 33, 47, 52, 57) . Crystal structures of NS5B complexed with substituted pyranone derivatives and phenylalanine amides demonstrated that the inhibitors were allosterically bound on the protein surface within a narrow cleft at the base of the thumb domain, ϳ30 and 35 Å from the active site, respectively (see Fig. 3 ) (27, 33, 57) . Recently, X-ray crystal structures of several benzothiadiazines bound to HCV NS5B RdRp revealed that they bind to a second allosteric site in close proximity to the interface of the palm and thumb domains of NS5B (15) . Furthermore, resistance and nuclear mag-netic resonance studies of the benzimidazoles/diamides suggested that this class of inhibitors binds to a third allosteric site of the NS5B RdRp protein, which is located in the upper thumb domain of the enzyme (3, 8, 52) . Since structurally distinct nonnucleoside analogs bind to three different allosteric binding sites, it is of interest to examine whether they have nonoverlapping resistances so that combination therapy regimens based on the use of multiple nonnucleoside inhibitors may be considered as a future option for HCV treatment.
Despite the shallow substrate binding site of the HCV NS3 serine protease, a number of inhibitors of this enzyme have been identified (17, 43, 55, 59) . Generally, these inhibitors are substrate-based peptidomimetic compounds. They bind to the active site of HCV serine protease and competitively inhibit enzymatic function. Among these inhibitors, BILN-2061 is the first serine protease inhibitor in clinical trials for HCV (23) . In both IFN treatment-experienced and -naïve patients with genotype 1 infections, twice-daily administration of 25-mg, 200-mg, or 500-mg doses of BILN-2061 resulted in a 2-to 3-logunit reduction of HCV RNA within 48 h after treatment (23) . This provided the first proof-of-concept evidence that HCV serine protease inhibitors could be efficacious in treating HCV infection in vivo.
Resistance to specific antiretroviral drugs has limited the efficacy of human immunodeficiency virus (HIV) protease and reverse transcriptase inhibitors due to the error-prone nature of the HIV reverse transcriptase, together with the high rate of viral replication (37, 38, 48) . Like HIV, HCV also has a high replication rate in vivo, and its polymerase also has poor fidelity; thus, it is highly likely that drug-resistant HCV variants will emerge in patients treated with HCV polymerase or serine protease inhibitors as well. In fact, in vitro selection of HCV replicons resistant to nonnucleoside benzothiadiazine analogs (NS5B RdRp inhibitors) has been reported (39, 52, 53) and was found to be due to selection of a specific mutation(s) (M414T, C451R, G558R, or H95R) in the NS5B gene that led to decreased susceptibility to benzothiadiazines (for example, Fig. 1 , Glaxo SmithKline [GSK], 6). Similarly, characterization of drug-resistant HCV replicons revealed that a single S282T mutation in NS5B polymerase conferred resistance to 2Ј-C Me-adenosine nucleosides (36) . Furthermore, resistance to the NS3/4A serine protease inhibitors, including VX-950, BILN- 2061, and another acyclic tripeptide inhibitor, was also reported (28, 29, 34, 54) . Single amino acid substitutions (R155Q, A156S, A156T, D168V, D168A, and D168Y) in the NS3 protease gene mediated significant HCV replicon resistance to these compounds. Our efforts at optimization of the benzothiadiazine series through chemistry have led us to identify a compound with significantly improved potency against HCV replicons compared to the benzothiadiazines previously reported (39, 53) . In addition, the side chain substitutions of this compound differ from other benzothiadiazines, and this compound has a favorable pharmacokinetic profile in animals (45) . Because of these features, it is of interest to map the binding site and investigate the resistance profile of this potent inhibitor. In addition, exploring the effect of the combination treatment on in vitro resistance selection may provide insight into future HCV treatment strategies. In this report, we describe the in vitro selection of HCV replicons with decreased susceptibility to a potent polymerase inhibitor, A-782759, alone and in combination with a protease inhibitor, BILN-2061. In addition, we have defined the genotypic basis for the observed resistance phenotype. Finally, the replication capacities and the susceptibilities of the mutants to other classes of polymerase inhibitors were analyzed.
MATERIALS AND METHODS
Inhibitors. The details of the synthesis of A-782759, an Abbott compound, (Fig. 1 , Abbott, 1), has been described and will be published elsewhere (45) . Polymerase inhibitors, 3-[isopropyl-(4-methyl-cyclohexanecarbonyl)-amino]-5-phenyl-thiophene-2-carboxylic acid (Fig. 1 , Shire, 2), the nucleoside 2-(4-amino-pyrrolo [2,3- (Fig. 1, BILN-2061 , 5), were synthesized according to procedures described previously (3, 6, 16, 30) . Recombinant IFN-␣ was purchased from PBL Biomedical Laboratories, Piscataway, NJ.
Drug susceptibility assay. HCV genotype 1b strain N (1b-N) subgenomic replicon cell lines were obtained and licensed from Stanley Lemon, University of Texas Medical Branch. The cells were grown in Dulbecco's modified Eagle medium (Invitrogen) supplemented with 10% fetal bovine serum (Atlanta Biologicals) and 400 g/ml G418 (Invitrogen). Replicon cells containing the secreted alkaline phosphatase (SEAP) reporter were also passaged in the presence of blasticidin at 2 g/ml. The inhibitory effects of compounds against HCV 1b-N replicon and resistant colonies were determined by monitoring the levels of HCV RNA and/or SEAP reporter as described previously (58) . Briefly, 3,000 repliconcontaining cells were seeded into each well of 96-well plates. The next day, the compound was initially diluted in dimethyl sulfoxide (DMSO) to generate a 200ϫ stock for each dilution, while the human IFN-␣ was diluted in cell culture medium, not in DMSO. The medium from overnight cell culture plates was removed and replaced with fresh medium containing a 0.5% DMSO solution of inhibitor in a series of half-log dilutions in medium. Replicon cells were incubated for 3 days with compound, after which total cellular RNA was extracted using RNeasy-96 (QIAGEN), and the copy number of the HCV RNA was determined by a quantitative real-time reverse transcription (RT)-PCR (Taqman) assay. Alternatively, the activity of SEAP was measured in each culture supernatant after 4 days of incubation with compound according to the manufacturer's instructions. Cellular toxicity was determined on the remaining cells by the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide colorimetric assay (44) . Each assay was performed in either duplicate or triplicate. The 50% inhibitory concentration (IC 50 ) was then calculated by nonlinear regression analysis using Prism (GraphPad Software, Inc.).
In vitro selection of resistant colonies. The selection protocol was performed as described by Lu et al. with minor modifications (34) . Genotype 1b replicon cells (2 ϫ 10 4 or 2 ϫ 10 5 ) were plated in 10-cm-or 15-cm-diameter tissue culture dishes, respectively, and cultured in the presence of selection medium containing 10% fetal bovine serum plus 400 g/ml G418, 2 g/ml blasticidin, and 350 nM or 700 nM (5 or 10 times the IC 50 ) of A-782759 and/or 20 or 40 nM (5 or 10 times the IC 50 ) BILN-2061. The reasons for using 5 and 10 times the IC 50 were (i) both A782759 and BILN-2061 at 5 and 10 times the IC 50 inhibit HCV RNA by at least 90% and (ii) 5 to 10 times is considered the target ratio of plasma concentration versus serum-adjusted IC 50 that potentially produces antiviral activity in vivo. Under these conditions, cells containing drug-susceptible replicons were killed and cells harboring drug-resistant replicons formed colonies after approximately 2 to 3 weeks. Some of these resistant colonies were randomly picked, grown in the presence of inhibitor(s) for approximately 2 weeks, and subsequently characterized. Replicon cells incubated in the selection medium without inhibitor were used for the parental-cell control.
Sequence analysis of the NS3 and/or NS5B genes of the individual colonies. Total cellular RNA was extracted using the RNeasy minikit (QIAGEN) according to the manufacturer's instructions and subjected to RT-PCR using primers SNS3-5-s (5Ј-GATAATACCATGGCGCCCATCACGGCCTAC-3Ј [the underlined portion corresponds to nucleotides 3423 to 3440 of accession number AF139594]) and SNS3-5-as (5Ј-GGAAATGGCCTATTGGCCTGGAGTGTTT AGCTC-3Ј [9395 to 9427 of accession number AF139594]). At least three independent PCRs were performed for each sample, and the PCR products were pooled. The amplified DNA fragments were purified using the QIAquick PCR purification kit (QIAGEN), and nucleotide sequences were determined by automated sequencing using BigDye terminator v. 3.1 (Applied Biosystems).
Construction of molecular clones containing NS3 or NS5B mutants. The replicon obtained from the University of Texas Medical Branch has HIV tat followed by the gene encoding the 2A protease of foot-and-mouth disease virus fused to the 5Ј end of the neomycin resistance gene (tat-2A-Neo) (58) . To generate a replicon construct that can be used in transient-transfection assays, the tat-2A-Neo region was replaced with a sequence encoding the N-terminal 12 amino acids of the HCV core fused to the firefly luciferase gene. This replicon is referred to as 1b-N-Luc. For introducing the NS3 or NS5B mutations, the AvrII-AfeI and AfeI-ClaI fragments, containing the NS3-NS4B and NS5A-5B regions, respectively, were separately cloned into the vector pCR2.1TOPO (Invitrogen). All mutations were engineered using 5Ј-phosphorylated sense-strand synthetic oligonucleotides (Integrated DNA Technologies) and the Multi Site Directed Mutagenesis Kit (Stratagene) according to the manufacturers' instructions. The mutagenized fragments (AvrII-AfeI for the NS3-NS4B region and AfeI-ClaI for the NS5A-5B region) were reconstructed back into the 1b-N-Luc replicon construct after the sequence was confirmed.
RNA transcription and RNA transient-transfection assay. The transcripts of HCV mutant replicons were generated using XbaI-linearized replicon plasmids and the Megascript T7 kit (Ambion) according to the manufacturer's instructions. Transient-transfection assays were performed as described previously (34) . Briefly, IFN-cured Nneo/3-5B(RG) cells (2 ϫ 10 6 ) were washed twice with Dulbecco's phosphate-buffered saline (without Ca 2ϩ and Mg 2ϩ ) (Invitrogen) and then mixed with 10 g of replicon RNA in a Gene Pulser cuvette with a 0.2-cm electrode gap (Bio-Rad). Electroporation was immediately performed at 480 V and 25-F capacitance with two manual pulses. Transfected cells were plated into 96-well plates with 5,000 cells per well. Compounds at various concentrations were added to the cells after 2 h and were cultured for 4 days. Four days was chosen based on the results of time course experiments performed with both wild-type and GDD mutant RNAs in which cells were treated with or without 100 nM BILN-2061 and the luciferase activity was monitored at 2, 4, 6, and 8 h, followed by days 1, 2, 3, 4, and 5. The results showed that at 4 days after transfection, luciferase activity obtained with the wild-type replicon without BILN-2061 was at least 800-fold above the background level as determined with either wild-type replicon cells treated with BILN-2061 or the GDD mutant negative control (data not shown). The cells were lysed with 1ϫ passive lysis buffer, and luciferase activity was measured with the luciferase assay system kit (Promega) and a Wallac 1420 workstation (Perkin-Elmer Life Science) as described by the manufacturers. Luciferase activity was measured 4 h posttransfection without drug to determine the efficiency of transfection. Replication capacity was determined by measuring the luciferase activity of transfected cells after 4 days of culture in the absence of drug. The IC 50 was then determined by nonlinear regression analysis with Prism (GraphPad Software, Inc.). Titrations were performed in triplicate, and the values were averaged. All experiments were repeated at least once in their entirety with new transfections to further verify the reproducibility. (Table 1) . BILN-2061 is a highly potent HCV protease inhibitor with an IC 50 of 4 nM against the 1b replicon (Table 1) .
Lower frequency of resistant colonies selected by the combination of A-782759 and BILN-2061 than with either compound alone. In order to select resistant mutants, 1b-N replicon cells were treated in the presence of neomycin plus either the polymerase inhibitor A-782759 or the protease inhibitor BILN-2061, or both, at concentrations of 5 or 10 times their corresponding IC 50 s as determined by HCV RNA reduction (Table 1) . Since neomycin is included in the culture system but cell splitting is avoided, cells either lacking replicon or containing a drug-susceptible replicon are killed, and any remaining colonies that grow out can be assumed to emerge from a single cell during 3 to 4 weeks of selection. Using the initial cell number, the prevalence (percentage) of resistant mutants preexisting in the replicon quasispecies can be estimated by the following equation: percentage of resistant mutants ϭ number of colonies/number of initial cells used in selection ϫ 100. The results of these experiments with A-782759 or BILN-2061 alone or in combination are provided in Table 2 . Using 2 ϫ 10 4 cells, 123 and 10 colonies were observed with selection with A-782759 or BILN-2061 alone, respectively, while no colonies formed with the combination of these two compounds at both 5 and 10 times their corresponding IC 50 s. Even with 2 ϫ 10 5 cells, only two and one colonies were found with combinations at 5 and 10 times their IC 50 s, respectively. Based on these results, the frequencies of resistance to A-782759 and BILN-2061 alone were estimated to be 0.62% and 0.05%. However, the frequency of replicons resistant to a combination of both compounds was between 0.001% and 0.0005%, which was significantly lower than with either compound alone.
Characterization of selected colonies resistant to A-782759 alone or in combination with BILN-2061. To characterize the phenotypic and genotypic changes, resistant colonies were individually expanded and analyzed. The genotype of each individual colony was determined by population sequencing of the NS3 and/or NS5B gene, and the phenotype was determined by measuring the reduction of SEAP activity following treatment of cells with inhibitors. Each colony selected by A-782759 alone contained one or two mutations in the NS5B polymerase gene and displayed an intermediate to high level of resistance to A-782759 (Table 3 ). The highest level of resistance was observed with colonies containing M414T (Ͼ200-fold).
In addition, one M414L-containing colony showed 70-fold resistance. Other mutations (H95Q, N411S, and Y448H) had IC 50 increases ranging from 28-to 44-fold (Table 3) . We and others have previously reported that replicons containing mutations in the NS3 protease gene (A156T and D168A or D168V) confer high levels of resistance BILN-2061 (28, 29, 34) .
To assess the effect of drug combination on the selection of resistant mutants, the 1b-N replicon was treated with both the polymerase and protease inhibitors at either 5 times the IC 50 or 10 times the IC 50 each. Using 5 ϫ 10 5 cells, two and one colonies were selected when 5 and 10 times the IC 50 of each compound were used (Table 2 ). However, no colony was selected when 4 ϫ 10 4 cells were used for drug treatment (Table  2 ). Population sequencing revealed that each replicon colony had one mutation in the NS3 protease gene (A156V or D168V), together with one or two mutations in the NS5B polymerase gene (M414T or D55E/M414L) ( Table 4) . To ensure that the double or triple NS3 plus NS5B mutations (A156V plus M414T, D168V plus M414T, D168V plus D55E/ M414L, or V138I/M414T) were derived from the same strand of HCV replicon RNA, the pooled PCR products containing NS3 and NS5B genes from each replicon colony were cloned into a TA cloning vector, and nucleotide sequences were determined from at least three individual clones derived from on September 8, 2017 by guest http://aac.asm.org/ each replicon colony. The results confirmed the coexistence of the NS3 and NS5B mutations (A156V/M414T, D168V/M414T, or D168V/D55E/M414L) or two NS5B mutations (V138I/ M414T) on the same replicon RNA strand. These genetic changes resulted in resistance to A-782759 that ranged from 112-to Ͼ187-fold over that of the wild type, while BILN-2061 resistance was also high at 115-to Ͼ800-fold over wild type (Table 3) .
A-782759-resistant mutants remained susceptible to other classes of polymerase inhibitors and IFN.
To address whether the observed mutations in the NS5B gene were responsible for the increased resistance to A-782759, site-directed mutagenesis was performed to introduce these mutations individually into a subgenomic replicon containing a luciferase reporter gene ( Table 5 ). The susceptibilities of these mutant replicons to A-782759 were evaluated using a transient-transfection assay. As shown in Table 5 , no significant change in sensitivity to A-782759 was observed with the D55E or V138I mutants compared to the parental replicon. In contrast, the H95Q, N411S, M414L, M414T, and Y448H mutant replicons each displayed significantly reduced susceptibility, with IC 50 increases ranging from 20-to Ͼ800-fold compared to the wild-type replicon. The changes in IC 50 in this assay were even greater than those of colonies, which may be a reflection of the greater potency of A-782759 in this transient-transfection assay (0.004 M) versus in the stable replicon assay against wild-type replicon (0.077 to 0.107 M, using a SEAP reporter assay). Nevertheless, these results suggested that the above-mentioned mutations were each responsible for the decreased susceptibility to A-782759.
To assess cross-resistance, the A-782759-resistant mutants were tested for sensitivity to other classes of HCV polymerase inhibitors, the protease inhibitor BILN-2061, and IFN using the transient-transfection assay. These polymerase inhibitors included two nonnucleoside (thiophene amide and diamide derivatives discovered by Shire and Boehringer Ingelheim, respectively) and one nucleoside (published by Merck) inhibitors (6, 16, 30) . The IC 50 values for Shire-thiophene amide, Boehringer Ingelheim-diamide, and Merck-nucleoside were 0.35, 1.97, and 0.27 M, respectively, which are 68-to 492-fold less potent than A-782759 (0.004 M) in this transient-transfection assay (Table 5) . No significant change in the IC 50 to any of these three compounds was observed with the replicon containing the H95Q, N411S, M414L, M414T, or Y448H mutation, despite the fact that these mutations confer high levels of resistance to A-782759. Similarly, each of these mutations had minimal effect on susceptibility to BILN-2061 and IFN, suggesting that this series can be used in combination with any of these three classes of polymerase inhibitors, as well as with protease inhibitors and IFN.
Sensitivity of single NS3 mutation replicons to inhibitors. Two single NS3 mutations, A156V and D168V, were found in colonies selected by the combination of A-760759 and BILN-2061. Mutations A156T and D168A or D168V in HCV NS3 protease were previously observed in resistance studies using BILN-2061 alone (28, 29, 34) . However, A156V is a new mutation first reported in the present study. To ensure that this mutation is responsible for resistance to BILN-2061, we introduced A156V into a replicon construct and determined the susceptibility of the mutant replicon using a transient-transfection assay. As expected, the A156V mutant displayed 610-foldreduced susceptibility to BILN-2061 compared to the wild type but retained wild-type susceptibility to all polymerase inhibitors tested, and to IFN as well (Table 5) .
Replication capacities of mutants. Since the replication capacity may be a significant factor in determining the prevalence of the resistant mutants in a viral population, it is of interest to assess the effects of the resistant mutants on the replication capacity. RNA from mutant replicon constructs was used to transfect cured Nneo/3-5B(RG) cells, which support replication of HCV replicons much more efficiently than parental Huh-7 cells. Since the copy number of the luciferase gene is determined by the replication level of the corresponding replicon RNA, the replication capacity of each mutant can be determined by measuring luciferase activity in a lysate of transfected cells. Each mutant replicon was transfected in the absence or presence of inhibitor, and luciferase activity was measured at 4 h and 4 days posttransfection. Luciferase activities from the mutant replicons were then compared with the luciferase activity from wild-type replicon. All of them had very similar levels of luciferase activity at 4 h after transfection, indicating comparable levels of RNA transfection and translation ability of the RNAs (data not shown). At 4 days after transfection, the NS5B mutants D55E, V138I, and M414L replicated as well as, and in some case better than, the wild type (102 to 320% of the wild-type replication), while N411S and Y448H displayed slightly reduced replication capacity from the wild type (Fig. 2) . In contrast, the H95Q and M414T mutants retained only 18% and 6% of wild-type replication capacity, respectively. Similarly, two NS3 mutants, A156V and D168V, exhibited 8% and 6% of wild-type replication capacity, respectively. Furthermore, all double mutants (A156V/M414T, D168V/M414T, and D168V/M414L) were further attenuated compared to the single mutants. For example, the single D168V and M414L mutants had 6% and 200% wild-type rep- lication capacity, respectively; however, the combination of these two mutants (D168V/M414L) resulted in a replicon with only 4% of the replication capacity. In addition, the replication capacities of the A156V/M414T and D168V/M414T mutants were less than 1% that of the wild type. As shown in Table 2 , one A-782759-resistant replicon colony had both M414T and V138I mutations in NS5B, while another colony selected by both A-782759 and BILN-2061 had D168V in NS3 together with M414L and D55E in NS5B. To understand the effect of V138I and D55E on the replication capacities of M41T and D168V/M414L, the double V138I/M414T and triple D168V/D55E/M414L mutants were created and used to study the replication capacity. Interestingly, the most resistant mutant, M414T, is also very growth impaired (6%), while V138I has a growth advantage over the wild type (300% of wild type, or three times above the wild-type luciferase activity). The combination of both exhibited 56% replication of the wild type, indicating that the impaired growth capacity of M414T is mostly restored by V138I in the transient-replication assay. In contrast, addition of D55E to D168V/M414L did not change the replication capacity of the double mutant (D168V/ M414L) significantly.
DISCUSSION
In this study, we selected and characterized in vitro resistance to an HCV NS5B polymerase inhibitor, A-782759, either alone or in combination with the HCV NS3/4A protease inhibitor BILN-2061. The dominant mutations resistant to A-782759 were H95Q, N411S, M414L, M414T, and Y448H in NS5B, as recombinant replicons containing each of these five NS5B mutations displayed intermediate to high levels of reduction in susceptibility to A-782759. Modeling of the mutations into the three-dimensional structure of NS5B polymerase showed that three of the above-mentioned residues (411, 414, and 448) clustered in an alpha-helical region of the thumb domain, a site in close proximity to the interface of the palm and thumb domains of NS5B (Fig. 3) . This region has been shown to be the allosteric site bound by several benzothiadiazine analog from GSK (15) . In previous studies, Tomei et al.
FIG. 2.
Comparison of replication capacity of wild-type replicon with those of the recombinant mutant replicons. Cells were transfected either with wild-type or with mutant replicon RNA in the absence of BILN-2061, and luciferase activity was measured at 4 hours and 4 days after transfection. The replication capacity of each mutant was calculated by comparing the firefly luciferase activity generated by the mutant to that generated by wild-type replicon at day 4, after adjusting for minor differences in transfection efficiencies (the 4-h luciferase activity). The data are averages of at least two separate experiments with six replicates in each experiment. The error bars represent standard deviations. and Nguyen et al. found that the M414T and H95Q mutations led to a reduced sensitivity to benzothiadiazine analog (39, 53) . These findings, together with the fact that A-782759 and the GSK benzothiadiazines share the structural feature of ABCD rings (Fig. 1) (27) . Mutations are shown as blue balls at the alpha carbons of the specified residues. Space-filling representations of various inhibitors are also shown: phenylalanine-amide (purple) (57), diamide (gray) (8) , and nucleoside (green) (24). was observed with replicons containing the single mutation D55E or V138I. These two mutations were scattered in the finger domain of the NS5B polymerase protein, far away from the inhibitor binding site. Both mutations coexisted with at least one other mutation, suggesting that the two mutations may not be primarily responsible for conferring A-782759 resistance; rather, they may play a compensatory role for replication. This is also supported by the observation that the resistant colonies containing V138I/M414T (NS5B) or D168V (NS3)/D55E/M414L (NS5B) mutations and the recombinant single mutant D55E or V138I replicated well, while the replicons containing mutation M414T or D168V/M414L exhibited greatly reduced HCV RNA replication in the transient assay.
As shown in Table 4 , colonies selected by the combination of A-782759 and BILN-2061 containing the single mutation M414T or the double mutation D55E/M414L in NS5B, together with either A156V or D168V in NS3, substantially reduced susceptibility to both A-782759 and BILN-2061. Mutations A156T, D168A, and D168V in HCV NS3 protease have been previously observed in resistance selection studies using BILN-2061 alone (28, 29, 34) , while mutation A156S has been reported to confer resistance to VX-950, but not to BILN-2061. However, A156V is a new mutation first reported in the present study. We showed that a molecular clone containing the A156V single mutation confers a high level of resistance to BILN-2061 (Table 5 ). As demonstrated in previous studies, Ala156 is located on the E2 strand in the HCV NS3/4A protease structure. The side chain of Ala156 is within the Van der Waals contact of the P2 group of BILN-2061 (56) . Valine substitution would be expected to disrupt the contact between the inhibitor and the protein, leading to decreased affinity of the inhibitor. As expected, this NS3 mutant retained wild-type sensitivity to the polymerase inhibitors and IFN.
In the present study, multiple mutational patterns were observed in response to in vitro selection with A-782759, and single mutations were shown to confer high levels of resistance. Similar observations were demonstrated for the GSK benzothiadiazine polymerase inhibitors and HCV protease inhibitors (28, 29, 34, 39, 53, 54) . With all of the inhibitors studied, the levels of resistance caused by some of the single resistant mutants were greater than 100-fold above the wild-type IC 50 . This level of resistance will not be easily overcome by the drug concentrations in vivo. The characterization of resistances to the HCV polymerase and protease inhibitors is similar to what was found with HIV nonnucleoside reverse transcriptase inhibitors (NNRTIs), in which single mutations in the NNRTIbinding pocket resulted in high levels of resistance to one or more of the NNRTIs (48) . In the case of NNRTIs for HIV, resistance usually emerged rapidly when NNRTIs were administered as monotherapy in HIV-infected patients (7) . This is likely due to the selection of a preexisting population of mutant viruses within an individual. Given the higher replication rate of HCV in vivo and the longer average time after infection compared to HIV (46), many multiple mutants are likely to preexist in HCV-infected individuals. Therefore, like treatment for HIV infection, monotherapy with these HCV inhibitors will be unlikely to lead to the eradication of HCV due to the selection of preexisting resistant mutants.
In this study, we demonstrated that the major in vitro-resistant mutations selected by A-782759 remain fully susceptible to two other classes of nonnucleoside HCV polymerase inhibitors (diamide derivative from Boehringer Ingelheim and thiophene derivative from Shire). This result suggests that the putative binding site for A-782759 may be distinct from the binding sites for either the diamide derivative or the thiophene derivative. In fact, as shown in Fig. 3 , the binding region for the diamide is located in the upper thumb domain, which is distant from the putative benzothiadiazine binding site in the region of residues 411, 414, and 448 (8) . Similarly, the phenylalanine amides from Shire have been demonstrated to be bound in the lower thumb domain, away from the region of residues 411, 414, and 448 (Fig. 3) (57) . However, the binding mode for Shire-thiophene amide derivatives has not been reported. Nevertheless, unlike the HIV NNRTIs, which all bind to the same hydrophobic pocket in the reverse transcriptase and have overlapping cross-resistances (48), nonnucleoside HCV polymerase inhibitors with distinct structures bind to different allosteric binding sites on the HCV NS5B polymerase enzyme and thus may display nonoverlapping resistances and may be able to be used in combination. Indeed, lack of cross-resistance between A-782759 and the diamide and thiophene derivatives may allow the benzothiadiazine derivative to be used in combination with these two classes of nonnucleoside polymerase inhibitors. Similarly, the lack of cross-resistance of the A-782759-resistant mutants to the HCV protease inhibitor BILN-2061 or IFN observed in this study provides a rationale for combining the benzothiadiazine derivative with the HCV protease inhibitor and IFN. This is the first report to provide additional evidence that combination therapy with two small-molecule inhibitors may afford an advantage in overcoming the resistance issue. For example, we demonstrated that the frequency of resistance to the combination of A-782759 and BILN-2061 was significantly lower than the frequency of resistance to either single compound alone. In addition, the replicon containing dually resistant mutants had dramatically reduced replication compared to the wild type despite some of the single mutants having replication capacities close to or better than the wild type. Taken together, these findings support the notion that combination therapy will provide an approach to suppress the emergence of resistance and increase the efficacy of HCV therapy.
This study has several limitations. The selection of resistant mutants was conducted using a specific strain of genotype 1b in the subgenomic replicon system. This replicon system includes the replication cycle but lacks the entry, assembly, and release of viral particles, which is different from an in vivo HCV infection. In addition, different patients contain various quasispecies of viral strains. Consequently, whether the same mutations will be selected in patients needs to be determined in the future. Similarly, the relative level of viral replication of mutants in this study may be different in vivo because of the differences between this in vitro replicon system and viral infection in patients.
In conclusion, we have selected HCV replicons in vitro which have increased resistance to either A-782759 alone or in combination with BILN-2061. Single amino acid substitutions at residues 95, 411, 414, and 448 of NS5B polymerase resulted in high levels of resistance to A-782759. Similarly, a novel mutation, A156V, in the HCV NS3 serine protease was found to confer high-level resistance to BILN-2061. Since single mu-tations confer a high level of resistance, monotherapy will likely lead to the emergence of resistance in vivo. However, combination therapy may provide an advantage in combating resistance due to the low frequency and poor replication capacity of dually resistant mutants observed in this study. Furthermore, lack of cross-resistance may allow A-782759 to be used in combination with other classes of polymerase inhibitors, protease inhibitors, and/or IFN.
